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Spcrmidine and putrescine (50 PM-I mM). found in exudates from infection sites, significantly enhance fMct-Leu-Phc-induced Ca2‘ rnobilixation 
in dilTcrcntiatcd HL-60 cells and polymorphonuclcsr leukocytes (PMNs) by delaying the return to basal sytosolic Ca?’ levels. This enhancement 
by polyamincs is associated with inhibition of Ca” efRux across the plasma membrane. In parallel with their uffecu on Ca” signaling. polyamines 
also significantly prolong the kinetics of IMet-Lcu-Phc-induced protein kinase C translocation. Thus. polyamimzz may play a novel role in 
modulating regulatory events in phagocytcs. 
Polyaminc; Calcium mobilization; Protein kinase C; Chemotactic pcptide; Phagocytic leukocyte 
1, INTRODUCTION 
Polymorphonuclear leukocytes (PMNs) are multi- 
functional phagocytes which detect, migrate toward, 
and ingest invading microorganisms, killing them by the 
production of oxygen radicals and release of granules 
containing microbicidal agents. Their complex func- 
tional repretoirc is modulated by ligand binding to a 
variety of surface receptors. Activation by the chemo- 
tactic peptide IV-formyl-Met-Eeu-Phe (IMLP) induces 
the formation of diacylglycerol, which activates protein 
kinase C (PKC), and inositol 1,4,5-trisphosphate (IP,), 
which releases intracellular Cal* stores [I ,2]. These sig- 
naling pathways interact with each other to initiate or 
enhance a wide range of PMN activities, including su- 
peroxide production, degranulation, and regulation of 
intracellular pH (pHi) [l-4]. Activation of PKC in the 
PMN is preceded by its Ca’+-dependent translocation 
from the cytosol to the plasma membrane, which can be 
monitored by changes in [%l]phorbol 12,13-dibutyrate 
(PDBu) binding to membrane-associated PKC in intact 
pbagocytes [5,6]. A model for synergistic stimulation of 
PMNs has been proposed in which increased cytosolic 
Ca?+ causes reversible association of PKC with the 
plasma membrane, thereby priming the enzyme for acti- 
vation by diacylglycerol or phorbol esters [7]. 
Polyamines are widely distributed organic cations 
Abbrcviuriow fMLP, N-formylmcthyionyl-leucylphenylalaninc: fura- 
?/AM, fura- acetomethoxy ester; IP,. inositol 1,4,S-trisphosphate; 
PDBu, phorbul l&13-dibutyrate: PKC. protein kinase C; PMN. poly- 
morphonuclear leukocyte. 
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which play an essential role in supporting the growth 
and differentiation of prokaryotic and eukaryotic ells 
(reviewed in [&lo]). Putrescine, cadaverine, and sper- 
midine occur at concentrations of up to 1 mM in exu- 
dates from inflamed tissues and bacterial infection sites 
[l l-131. Exogenous polyamines have previously been 
shown to enhance superoxide production by CMLP- 
stimulated human PMNs [14]. Although the mechanism 
is unclear, this effect is dependent on the presence of 
extracellular Ca”. In the present study, we have exam- 
ined the effect of polyamines on fMLP-stimulated Ca” 
mobilization in phagocytes. The results demonstrate 
that polyamines enhance fMLP-induced Ca” mobiliza- 
tion and thereby enhance Ca’+dependent PKC translo- 
cation to the plasma membrane. 
2. EXPERIMENTAL 
Fura-Z/AM was purchased from Molecular Probes. [i’C]putrescinc 
and [lJC]spermidine were obtained from Amcrsham. ~H]PDBu and 
[“‘Cd] were purchased from DuPont-NEN. PDBu, ionomycin, IMLP. 
and all polyamines were obtained from Sigma. 
HL-60 cells (ATCC) were maintained in culture and dilTercntiated 
to PMN-like cells by culturing in the presence of I .3% dimcthyl sulfox- 
ide for 7 days [IS]. Human PMNs were isolated from healthy donors 
as previously described [16]. Assays were conducted at 37°C with cells 
suspended at 2 x IOVml in I .9 mM KH2P0,. I. 1 mM Na:HPO,. 5 mM 
KCI, 147 mM N&I, 5.5 mM glucose, I mM MgC12, and 1 mM CaCI, 
(PI-I 7.4). 
Iutracellular free Ca” ([Ca:‘],) was dcterrnined with fua-2. Cells 
were loaded by incubation with OS,uM frlra-Z/AM for 30 min at 37°C. 
washed, and resuspended. [Ca’*]i was monitored with a Perkin-Elmer 
LS-S9 spectrofluarometer ( xcitation 340 nm. emission 505 nm) and 
calculated with a correction for extracellular fura- as described by 
Grynkicwics et al. 1171. [“Clpolyamine uptake was assayed as dc- 
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scribed by Kakinumact al. [IS]. The apparent K,,, and VW, of polyam- 
inc uptake wcrc derived from Lineweaver-Burk analysis of initial 
uptake ralcs. Protein concentrations were determined by the Bradford 
method [19]. %a efflux from intact cells was assayed as described by 
Wong et al. [20]. PKC translocation was monitored by assaying 
changes in steady-stair [‘H]PDBu binding to intacl cells as described 
by Dougherty and Niedcl [5], Specific ~H]PDBu binding was esti. 
mated by subtracting nonspecific binding (determined in the presence 
of 20 PM unlabeled PDBu) from total [‘H]PDBu binding. 
3. RESULTS AND DIXUSSION 
The effect of exogenous polyamines on fMLI?-stimu- 
lated Ca2+ mobilization in differentiated ML-60 ceils is 
shown in Fig. 1, which portrays the time course of 
[Ca’+]i change after a 4-min preincubation in the pres- 
ence an8 absence of 200yM spermidine. Upon stimula- 
tion by fMLP, [Ca’+]i increased rapidly from a resting 
level of 96 nM to approximately 500 nM and remained 
above basal evels for more than 4 min. Previous studies 
have shown that the rapid initial phase of Ca’” elevation 
is due to release of intracellular Ca” stores by IPJ, while 
the sustained phase is associated with influx of extracel- 
lular Ca” [I]. Addition of spermidine alone had no 
direct effect on fura- fluorescence or resting intrucellu- 
lar Ca’* levels (data not shown). However, preincuba- 
tion with spermidine markedly lengthened the sustained 
phase of Ca?+ mobilization by fMLP. To compare mean 
[Ca’+li n the presence and absence of spermidine, we 
integrated both traces from O-5.5 min after addition of 
fMLP. In the presence of 200 ,uM spermidine, Ca?+ 
mobilization wa.s increased to 140 P 0.33% of control 
(mean Jt: SE,, significant at P=O.OOOl). This effect was 
confirmed with human PMNs (143 k 3.3% increase rel- 
ative to control, P=O.OOB, data not shown). 
Fig. 2 portrays the dose dependence of Ca’* mobiliza- 
tion enhancement by polyamines. Spermidine increased 
fMLP-induced Ca”’ mobilization to 124% of control at 
a concentration of 50 ,uM and 140% of control at 200 
PM. Putrescine and cadaverine were less effective. Pu- 
trescine increased Ca”’ mobilization to a maximum of 
134% of control at 1 mM, while cadaveriae increased 
Fig. I. The effect of spermidine or: Ca*+ mobi!iztion ir. fMLP.s:imu. 
latcd HL-60 cells. Cells were loaded with fura- and prcincubatcd for 
4 min at 37OC in the presence or absence of200 yM spermidine, The 
arroti ipdicsres the addition of 100 r.M fMLP. The data are represcn- 
lalive of at least .3 experiments. 
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Fig. 2. The dose uependcnce of Caz+ mobilization enhancement by 
p?lyamines, The time course of Ca?’ mobilization was monilored in 
HL-GO cells in the presence and absence of polyamines as shown in 
Fig. I A. [CS”]i was integrated from 0 to 5.5 min after the addition of 
100 nM fMLP, !ntcgrals obtained in the presence ot.polyamines were 
ratiocd to control integrals oblained in the absence of polyamines. 
Results are presented as percent of control -I- S&M, 
Ca’+ mobilization by a maximum of 118% at 200 yM. 
With the exception of 1 mM cadaverine, all polyamine 
concentrations tested had a statistically significant ef- 
fect on Ca” mobilization compared to controls 
(PCO.05). Interestingly, polyamines occur at these con- 
centrations in exudates from inflamed tissues and bacte- 
rial infection sites [l l-1 31. In human periodontal dis- 
ease, for example, mean putrescine, cadaverine and 
spermidine concentrations of approximately 900 yM, 
600 PM, and 200 PM, respectively, have been detected 
in inflammatory exudates, and tend to increase with the 
severity of disease [11,123. 
To ascertain whether polyamines could potentially 
modulate Ca’+ mobilization by action at an intrace!lular 
site, we examined the extent of cell [laC]polyamine up- 
take. Similar to other types of euknryotic cells, HL-60 
cells were found to internalize polyamines in a time- 
dependent manner. The kinetics of putrescine and sper- 
midine uptake by unstimulated HL-60 cells were char- 
acterized by apparent Km values of 5.1 yM and 1,7 yM, 
respectively, and appareni V,,, values of 137 and 180 
pmol/min/mg, respectively (data not shown). Stimula- 
tion by fMLP did not enhance polyamine uptake. To 
begin to assess the mechanism by which polyamines 
enhance Ca’+ mobilization, we examined the erect of 
introducing spermidine (200 pM) at various times after 
fMLP stimulation (Fig. 3). Whether introduced at the 
time of stimulation (upper traces) or 1 min after stimu- 
lation (middle traces), spermidine noticeably potenti- 
ated the Ca” signal. The magnitude of this effect de- 
creased when spermidine was introduced 2 min after 
stimulation, and decreased even further when spermid- 
ine was introduced 3 min after stimulation (bottom 
traces). Spermidine had no apparent effect on intracel- 
lular Ca?’ levels when added 4 min after stimulation 
(not shown). Interestingly, spermidine had a nearly in- 
stantaneous effect on the kinetics of Ca” mobilization 
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Fig. 3. The effect of spcrmidinc on Ca” mohikation when added at 
various times after stimulation by MLP. Assays were conducted with 
HL-GOcells under the conditions described in Fig, IA, except hat 200 
yM spcrmidinc was added where indicnted by the downward-pointing 
arrows (0 min in the upper panel, 1 min in the middle panel, 2 and 3 
min in the 1 JWC~ panel). Upward-pointingarrows indicate the addition 
of 100 nM fTvILP at 0 min. 
when added 1-3 min after stimulation, suggesting that 
extensive internalization of polyamines is not required 
to produce this effect. Moreover, the data suggest hat 
polyamines modulate events that follow fMLP receptor 
occupancy and release of intracellular Ca” stores. This 
could potentially involve enhancement of extracellular 
Ca?’ influx through plasma membrane Ca” channels or 
inhibition of Ca2+ efflux via plasma membrane Ca’+- 
ATPases. 
Ca’)+ influx through plasma membrane channels can 
be indirectly monitored by following the entry of ex- 
tracellular Mn’l+, which profoundly quenches intracellu- 
lar fura- fluorescence [21]. We used this appraoch to 
evaluate the effect of polyamines on Ca?’ channel open- 
ing during the sustained phase of Ca” mobilization 
(Fig, 4A). Spermidine (200 PM) had no apparent effect 
on the rate or extent of fura- quench produced when 
MI?+ was added to the cell suspension 2 min after stim- 
ulation by fhJLP. Similarly, there were no apparent 
differences in fura- quench attributable to spermidine 
when Mn?’ was added at other time points from 0 to 3 
min after fhJLP stimulation (not shown). Thus, these 
studies provide no evidence that polyamines enhanse 
Ca” influx by potentiating Ca” channel opening. We 
therefore examined the effect of polyamines on Ca’+ 
cffl’tlrrx f om fMLP-stimulated HL-60 cells that had been 
passively loaded with “Ca (Fig. 4B). When compared 
to the control, ‘Ca efflux was inhibited in the presence 
of spermidine (200 ,uM). This inhibition of efflux was 
significant from 2.25 to 5.25 min after cell stimulation 
by iiviLP (P<G.Gi). The results uggest hat po!yamines 
could inhibit the plasma membrane Ca’+-ATPase and 
thereby delay the return to resting cytosolic Ca2+ levels. 
By inhibiting Ca?+ efktx, polyamines disrupt the equi- 
- 
J 
Fig. 4. The effect of spermidine on Ca”’ channel opening and Ca!’ 
efflux from ML-60 cells. Panel A, Cells were loaded with fura-2, 
washed, and resuspended in buffer containing 1 PM Ca?’ just prior 
lo assay in the prcscnce and absence of spermidine (200 PM). In these 
experiments, fura- was excited at the Ca2’-insensitive wavelength of 
360 nm. Arrows indicate the addition of fMLP (100 nM). Mn:’ (100 
PM), and Triton X- 100 (to 0.1% final). The traces arc representative 
of 3 experiments. Panel B. The effect of spcrmidine on ‘5Ca cfflux from 
fMLP-stimulated HL-60 cells. Cells were loaded with %I, washed, 
and resuspended with or without 200 PM spcrmidinc. In the bottom 
plots, the cells were stimulated with fMLP at time 0. At the indicated 
times, aliquots of cell suspension were withdrawn and pclletcd by 
centrifugation. Radioactivity associated with the cell pellet was 
counted and expressed us a percentage of prcstimulation levels. The 
results arc presented as mean k S.E.M. 
librium between Ca” influx and eftlux across tile 
plasma membrane, which is a major detemlinant of 
[Ca?+], during the sustained phase of intracellular Ca” 
elevation [I]. Polyamines have previously been shown 
to inhibit other types of membrane-bound ATPases (re- 
viewed in [22]). 
Fig. 5. The effect of spermidinc on the time cotuse of PKC translcca- 
lion in HL-GO cells. Specific [‘H]PDBu binding to intact cells was 
assayed at 37OC. Cells were prcincubated in the presence or absence 
of 200 PM spcrmidinc for 4 min prior to stimulation wirh iO0 nX 
fMLP. For comparison, the effect of stimulation with a combination 
of 100 nM t?vILP and 100 nM ionomycin is shown. The results arc 
presented as mean +- S.E.M. 
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We assessed the effect of polyamines on Ca’+-depend- 
ent PKC translocation by examining changes in steady- 
state phorbol ester binding to intact cells. Polyamines 
alone had no significant effect on phorbol ester binding 
to unstimulated cells (data not shown). Fig. 5 shows the 
time course of [‘H]PDBu binding after stimulation with 
100 nM fMLP. After preincubation in both the presence 
and absence of spermidine (200 ,uM), stimulation with 
fMLP upregulated [‘HjPDBu binding to over 150% of 
prestimulation levels within 1 min. In the absence of 
spermidine, [3H]PDBu binding was downregulated to 
121% of prestimulation levels after 2 min and 98% after 
5 min of fMLP stimulation. In the presence of spermid- 
ine, [3H]PDBu binding was downregulated to 149% 
after 2 min, 133% after 5 min, and eventually returned 
to prestimulation levels by 10 min (data not shown). 
This enhancement of 13H]PDBu binding by spermidine 
from 2 to S min after fMLP stimulation was significant 
(P-=0.004), and paralleled its effects on the time course 
of fMLP-induced Ca2+ mobilization (Fig. 1). For com- 
parison, we monitored the kinetics of [3H]PDBu binding 
after stimulation with a combination of 100 nM f’MLP 
and 100 nM ionomycin (which produces a sustained 
[Ca’+]i increase). This combination of stimuli induced a 
more profound upregulation of [“H]PDBu binding than 
fMLP alone. Similar to the effects of spermidine, iono- 
mycin caused a marked delay in the downregulation of 
[3HJPDBu binding from 2 to 5 min after stimulation by 
fMLP. 
Few studies have previously examined the effect of 
exogenous polyamines on PMN function or signal 
transduction. The present study has shown that natu- 
rally occurring polyamines can significantly enhance 
phagocyte Ca” mobilization over the range of extracel- 
lular polyamine concentrations found at bacterial infec- 
tion sites, and thereby modulate certain Ca’+-dependent 
regulatory events (e.g. PKC translocation). This effect 
by polyamines is associated with inhibition of Cal” ef- 
flux rather than enhanced Ca” entry through plasma 
membrane channels. Thus, polyamines appear to en- 
hance Ca” mobilization by altering the equilibrium be- 
tween Ca” influx and efflux across the plasma mem- 
brane, which is a primary determinant of [Ca’+li during 
the sustained phase of intracellular Ca?” elevation [I]. 
However, since this study’s [Ca?‘], measurements were 
conducted with large cell populations, we cannot rule 
out the possibility that polyamines have more complex 
effects on the temporal aspects of Ca” signaling in indi- 
vidual cells. 
The findings of this study provide a mechanism to 
explain how polyamines can enhance fMLP-induced 
oxidative function in human PMNs [14], alld suggest 
that polyamines could enhance other Ca”-dependent 
aspects of PMN function (e.g. secretion of specific gran- 
ules [I]), Thus, the influence of these polycations could 
have important implications for host defense modula- 
tion at bacterial infection sites. 
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